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ABSTRACT 
The performance of a natural-uranium gas-graphite reactor is closely dependent, 
throughout the station lifetime, on a accurate fuel and absorber cycle pro-
gramming. This programming entails the knowledge of the reactivity variation 
as a function of irradiation, and an accurate assessment of the reactivity control-
led by various factors, namely absorbers, xenon, boron contained in the graphite, 
control rods and temperature effects. 
For each general condition of core irradiation, the algebraic sum of the 
deviations of reactivity components controlled by the aforesaid factors from the 
reference values represents the intrinsic reactivity variation from the initial core 
conditions. 
The execution of these reactivity balances, extended to the first four years 
of reactor operation, permitted the intrinsic reactivity variation of the Latina 
reactor to be known as a function of the energy generated. 
The reactivity balances were performed on the basis of experimental data 
and calculation methods whose validity was verified by comparison with the 
results of measurements purposely taken. 
The results obtained for the intrinsic reactivity variation are generally in good 
agreement with similar data relating to other reactors of the same type and 
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1;0 PURPOSE OF THE RESEARCH. PROGRAM (*) 
The per formance of a na tu ra l ­u ran ium gas­graphi te r e a c t o r is closely 
dependent on p roper exploitation of the core throughout the station l i fe t ime. 
It is indeed n e c e s s a r y to mainta in r e a c t o r conditions such as will afford the 
maximum t h e r m a l output with the best ut i l izat ion of the fuel. For th is pu r ­
pose an adequate neutron flux dis t r ibut ion must be maintained by p r o g r a m ­
ming the fuel and absorber cycles appropr ia te ly . This p r o g r a m entai ls the 
a p r i o r i knowledge of the reac t iv i ty var ia t ion as a function of fuel i r r a d i a ­
t ion. In pa r t i cu l a r , by vir tue of the considerable p r o g r e s s in meta l lurgy, 
the d i scharge l imi t s used in p rog ramming the fuel cycle may be conditioned 
only on the available reac t iv i ty . 
In 1965, that i s , at the beginning of this r e s e a r c h , the reac t iv i ty v a r i a ­
tion in gas ­graphi te r e a c t o r s as a function of i r rad ia t ion could nöt be closely 
es t imated because of the uncer ta in t ies extant on some of the fundamental 
data . The exper iments conducted at Lat ina under th is contract considerably 
contributed to thè el imination of these unce r t a in t i e s . The measu remen t 
techniques used for the r e s e a r c h p rogram permit ted verjr valuable informa­
tion to be gathered, even though the m e a s u r e m e n t s were taken on a c o m m e r ­
cial power r e a c t o r . 
F o r the de terminat ion of the in t r ins ic reac t iv i ty va r ia t ions , s eve ra l 
m e a s u r e m e n t s , desc r ibed l a te r , had to be taken per iodical ly , and the fuel 
i r rad ia t ion data had to be updated continuously by means of heat ba lances 
and power dis t r ibut ion m e a s u r e m e n t s . In addition, a great deal of data 
had to be p rocessed with the stat ion computer .(see Appendix I). 
Since the Latina fuel cycle has an init ial delay of one y e a r , reac t iv i ty 
equil ibrium conditions cannot be reached but after a long period of station 
operat ion. To obtain as much information as possible in the de terminat ion 
of the reac t iv i ty var ia t ion , the m e a s u r e m e n t s scheduled in the r e s e a r c h 
p r o g r a m were spread over a period of th ree y e a r s . To complete the p ic ture , 
the data collected during station commiss ioning and f i rs t operat ion ­ ­ that is , 
before the execution of this contract ­ ­ were also p roces sed . 
1.1 Reactivi ty ba lances 
The exper imenta l de te rmina t ion of the in t r ins ic reac t iv i ty var ia t ion as a 
function of i r r ad ia t ion is based on reac t iv i ty ba l ances . The var ia t ion in r e a c ­
tivity in any moment of the r e a c t o r life can be r ep re sen t ed in the s teady­s ta te 
condition by the following formula: 
% o d s + A ? a b s + Δ ? Τ + A ? X e + ^ b o r o n = A ? t ot 
where : 
Δρ , - var ia t ion in rod­cont ro l led reac t iv i ty as a function of t e m p e r a t u r e 
and i r r ad ia t ion as compared with the initial r e fe rence conditions 
(*) Manuscript rece ived on 11 December 1968. 
Δ θ u = va r ia t ion in absorber -con t ro l l ed react iv i ty as a function of t empe ra tu r e 
and i r rad ia t ion as compared with the reac t iv i ty controlled by the initial 
abso rbe r dis t r ibut ion 
Δ ρ = var ia t ion in reac t iv i ty owing to t empera tu re deviations from re fe rence 
conditions 
Δ o = var ia t ion in reac t iv i ty owing to xenon deviations from re fe rence con­
dit ions 
Δ Ρ Κ = var ia t ion in reac t iv i ty owing to gradual depletion of the boron initially 
present in the graphite 
Δρ, , = var ia t ion in in t r ins ic core reac t iv i ty as compared with the re fe rence Mot condit ions. 
The r e s e a r c h p rogram entailed the a s s e s s m e n t of these t e r m s as a func­
tion of i r rad ia t ion according to the following p rocedure . 
1. The t e r m Δ ρ , which is essent ia l for the de terminat ion of the reac t iv i ty 
balance , was obtained by extrapolat ing the control rod cal ibrat ion curves 
m e a s u r e d per iodical ly . 
2. The t e r m Δρ K w a s computed with a calculation p rogram, the adequacy of 
which was verified by compar ison with the r e su l t s of m e a s u r e m e n t s pur ­
posely taken. 
3 . The t e r m Δρ was calculated from the reac t iv i ty t empera tu re coefficients 
obtained exper imenta l ly . 
4 . The t e r m ΔΡ-y- w a s computed on a theore t ica l b a s i s ; it takes into account 
the r e a c t o r power var ia t ion from the re ference conditions at the t ime of 
balance per formance . 
5. The t e r m Δρ, was computed Sn a theore t ica l b a s i s ; it takes into ac ­
count the boron content var ia t ion as compared with the re fe rence condi­
t ions . 
6. The t e r m Δρ, ,, obtained as the a lgebra ic sum of the preceding t e r m s , 
r e p r e s e n t s the in t r ins ic reac t iv i ty var ia t ion from the re fe rence conditions 
and const i tutes the final r e su l t of the work conducted under the r e s e a r c h 
p r o g r a m . 
The following chapters descr ibe the calculation p rocedures used for the 
de terminat ion of the individual t e r m s of the react iv i ty balance, and the m e a ­
su remen t s on which the calculations were based . Chapter 9 gives the e x p e r i ­
mental r e s u l t s and the conclusions. 
Appendix I provides a summary descr ipt ion of the GEPAC 405 0 computer 
and main calculation p rog rams requ i red for the p rocess ing of the expe r imen­
tal data. It is known that the p a r a m e t e r s used for the execution of reac t iv i ty 
balances a re represen ta t ive of the core as a whole, so that it is n e c e s s a r y 
to make an ideal subdivision of the core in zones and to p rocess the zone 
data by ex t remely painstaking calculation p rocedures , such as the ones d e ­
scr ibed in ref. 7 for the calculation of the t empe ra tu r e coefficients. 
2.0 AVERAGE REACTOR AND ZONE IRRADIATIONS 
For the purpose of this research, it is essential to know the average i r radia­
tion to be correlated with the intrinsic reactivity variations, and the irradiations 
of the individual zones into which the core is ideally subdivided, to be used as 
the basic information in the calculation of absorber worth, control rod worth, 
etc. 
2.1 Determination of the average reactor irradiation 
The average irradiation of the fuel is defined as the ratio between the in­
tegral of the thermal reactor power over a given time interval and the tonnes 
of fuel which generated the related energy. 
The thermal reactor power is determined by heat balances performed both 
on the steam side and on the gas side of the station (see ref. 48). In practice, 
since the heat balances on the steam side, though more accurate, are very 
tedious and more difficult to perform, for the determination of the reactor 
power use was more frequently made of the balances relating to the gas side, 
appropriately correlated by means of a normalization constant to the balances 
performed on the steam side from time to time as a cross-check. 
To determine the power variations in the time lapse between two succes­
sive heat balances, use was made of the chart recording the electric power 
generated (recorded continuously and very accurately). The electric power 
was then converted into thermal power by means of the station efficiency fac­
tor, Ύ» , which does not vary appreciably within this time interval. 
The thermal power chart thus obtained was then integrated to give the 
generated energy chart. 
For the first part of the fuel cycle, the average core irradiation was 
obtained simply by dividing the cumulative energy generated by the tons of 
fuel present in the reactor. 
When refuelling started, the energy produced by the discharged channels 
was deducted from cumulative energy generated by the reactor to obtain the 
average core irradiation. The energy generated by the discharged channels, 
and thus the corresponding discharge irradiations, were determined as ac­
curately as possible on the basis of the average channel' power in the zone 
from which the channels were discharged. The average channel power in 
the zone was obtained from the gas flow rates and temperatures at the out­
let of the instrumented channels. 
Figs. 2.1.1 to IV give the average fuel irradiation as a function of the 
cumulative energy generated. Figs. 2. 1. V to VII give the cumulative thermal 
energy as a function of t ime. 
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2.2 Determination of zone irradiations 
In order to determine the actual zone irradiations to be used in the cal-
culations, the reactor was ideally subdivided (Fig. 2.2.1) àxially into 'four 
zones (each having the height of two fuel elements), and radially into seven 
concentric annular zones (containing respectively 8, 115, 384, 421, 444, 
1092, 455 fuel channels). 
On the basis of this core subdivision, the average irradiations of the indi-
vidual radial zones was calculated, taking into account any fuel discharges. 
The results thus obtained were then multiplied by the respective axial shape 
factors, derived by averaging the shape factors determined experimentally 
every other week during operation (see refs . 5, 22, 33, 39, 47). 
A detailed description of'the method followed for the determination of 
the zone irradiations is provided in the report under ref. 22. 
Tables 2.2.1 to IX give the zone irradiations calculated at different 
dates. The linear interpolations between one date and the next (Figs'. 
2. 2. II to VIII) are approximate because of the irregular manner in which 
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TABLE 2 . 2 . 1 
T H E R M A L E N E R G Y = 6 7 5 , 0 0 0 , 0 0 0 kWh 
IRRADIATION AS O F 1 5 . 1 1 . 1 9 6 3 
A V E R A G E CORE IRRADIATION = 105 M W D / Τ 
\ K a d 
\ z o n e 



















































T H E R M A L E N E R G Y = 1, 860, 000, 000 kWh 
IRRADIATION AS O F 1 5 . 2 . 1 9 6 4 
A V E R A G E C O R E IRRADIATION = 290 M W D / Τ 
VK ad . 
\ z o n e 






















































TABLE 2 . 2. II 
T H E R M A L E N E R G Y = 3 , 3 1 0 , 0 0 0 , 0 0 0 kWh 
IRRADIATION AS O F 1 5 . 5 . 1 9 6 4 
A V E R A G E CORE IRRADIATION = 5 1 6 M W D / Τ 
VK a d . 





















































T H E R M A L E N E R G Y = 3, 940, 000, 000 kWh 
IRRADIATION AS O F 15 . 7. 1964 
A V E R A G E C O R E IRRADIATION = 614 M W D / T 
\ R a d . 
V o n e 






















































TABLE 2 . 2.III 
T H E R M A L E N E R G Y = 4, 450, 000, 000 kWh 
IRRADIATION AS O F 3 1 . 8 .1964 
A V E R A G E CORE IRRADIATION =694 M W D / Τ 
VK ad . 




















































T H E R M A L E N E R G Y = 8, 720, 000, 000 kWh 
IRRADIATION AS O F 1 4 . 5 . 1 9 6 5 
A V E R A G E C O R E IRRADIATION = 1, 100 M W D / T 
VKad. 
V o n e 




















































TABLE 2 . 2.IV 
T H E R M A L E N E R G Y = 9, 402 , 236, 701 kWh 
IRRADIATION AS O F 1 3 . 8 . 1 9 6 5 
A V E R A G E CORE IRRADIATION = 1, 147 M W D / Τ 
VKad. 
\ z o n e ; 
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T H E R M A L E N E R G Y = 1 1 , 636, 193 , 463 kWh 
IRRADIATION AS O F 2 8 . 1 2 . 1 9 6 5 
A V E R A G E C O R E IRRADIATION = 1, 3 93 M W D / T 
VKad. 
V o n e 




















































TABLE 2 . 2.V 
T H E R M A L E N E R G Y - 12, 935; 276, 728 kWh 
IRRADIATION AS O F 17 . 3 .1966 
A V E R A G E CORE IRRADIATION = 1,490 M W D / Τ 
\ K a d . 





















































T H E R M A L E N E R G Y = 13, 432 , 188, 378 kWh 
IRRADIATION AS O F 1 5 . 4 . 1 9 6 6 
A V E R A G E C O R E IRRADIATION = 1,542 M W D / T 
VKad. 
V o n e 




















































TABLE 2. 2. VI 
T H E R M A L E N E R G Y = 1 4 , 4 7 6 , 6 4 2 , 5 36 kWh 
IRRADIATION AS O F 2 1 . 7 . 1 9 6 6 
A V E R A G E CORE IRRADIATION = 1,462 M W D / Τ 
VKad. 





















































T H E R M A L E N E R G Y =15 , 385, 6 4 1 , 002 kWh 
I R R A D J A T I O N AS O F 4 . 1 0 . 1 9 6 6 
A V E R A G E C O R E IRRADIATION = 1,55 7 M W D / T 
VKad. 
\ z o n e 




















































TABLE 2. 2. VII 
T H E R M A L E N E R G Y = 16, 406 , 207, 894 kWh 
IRRADIATION AS O F 1 8 . 1 2 . 1 9 6 6 
A V E R A G E CORE IRRADIATION = 1 ,573 M W D / Τ 
VR ad . 





















































T H E R M A L E N E R G Y = 18, 053 , 637 , 567 kWh 
IRRADIATION AS O F 3 1 . 3 . 1 9 6 7 
A V E R A G E C O R E IRRADIATION = 1,418 M W D / T 
VKad. 
Vzone 





















































TABLE 2. 2. VIII 
T H E R M A L E N E R G Y = 1 9 , 5 5 8 , 5 1 5 , 9 7 4 kWh 
IRRADIATION AS O F 1 8 . 7 . 1 9 6 7 
A V E R A G E C O R E IRRADIATION = 1, 286 M W D / Τ 
VKad. 
\ z o n e 



















































T H E R M A L E N E R G Y = 19, 999, 907 , 454 kWh 
IRRADIATION AS O F 2 1 . 8 . 1 9 6 7 
A V E R A G E C O R E IRRADIATION = 1, 338 M W D / T 
VKad. 
Nzone 






















































THERMAL ENERGY = 21 ,373 , 411, 683 kWh 
IRRADIATION AS OF 15/11/1967 
AVERAGE CORE IRRADIATION = 1,532 MWD/Τ 
vtad, yene 
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3.0 DETERMINATION OF ABSORBER WORTH 
In the Latina reactor the long­term reactivity variations are compensated 
by varying the distribution and weight of apposite steel absorbers located in 
interstitial channels. Each absorber channel is constituted of a stack of eight 
basic absorbers, weighing 3. 327 kg each, on which light (0. 698 kg) or heavy 
(1. 253 kg) rings can be placed, up to a maximum of ten rings per absorber. 
Between May 1963 and December 1967, the absorber pattern was changed 
fourteen t imes, as shown in Figs . 3.0.1 to XIV. 
The reactivity asbsorbed by each pattern represents the most important 
term in the build­up curve, and was calculated by means of the PDQ 02, 
PIFFERO and FTD2 codes (See ref. 35). To ascertain the adequacy of these 
codes, two experimental calibration of the absorbers were performed in order 
to check the calculated results against the experimental ones. 
The following paragraphs 3.1 and 3.2 briefly describe the measurements 
and the comparisons with the calculated values (see ref. 15, 23, 30, 53). 
Paragraph 3.3 describes the calculations for the determination of the r eac ­
tivity controlled by the fourteen different absorber patterns. 
To assess the worth of intermediate absorber patterns, simplified inter­
polation methods were adopted for the purpose of performing the reactivity 
balances. 
3.1 Experimental absorber calibrations 
Since the experimental calibration of an absorber channel is a very del­
icate operation, the absorbers were calibrated after a prolonged reactor 
shutdowns so as to bring the core to the most stable condition possible from 
the standpoints of temperature, xenon decay, etc. The calibrations were 
performed by measuring the flux doubling times resulting from the removal 
of absorber channels of different weight from the core; from these doubling 
times was derived the corresponding reactivity on the basis of Nordheim's 
equation, and by correcting the results by a factor $ , which is a function 
of the general reactor irradiation conditions (see refs . 11, 53). 
The results of the measurements taken at 1100 and 1500 MWD/Τ are 
summarized in tables 3.1.1, II, III. These results are also plotted in 
Figs. 3.1.1 and 3 . 1 . II. 
3. 2 Calculation of ab sorber­controlled reactivity 
To determine the reactivity variation of the Latina reactor in time, it 
was necessary to prepare a calculation method which could provide with suf­
ficient accuracy the information that cannot be obtained experimentally. 
The calculation method adopted (see refs . 53, 57, 58) is based on a syn­
thesis of the two­dimension codes PDQ 02 and FTD2, so as to obtain the 
core reactivity as well as the flux and temperature distributions. In brief, 
the method permitís the solution of the two­group diffusion equation in the 
30 
three dimension by means of the PDQ 02 and FTD2 codes, taking into account 
the singularities present in the core. 
The basic criterion is to determine core reactivity, flux distributions at a 
certain level, and channel power by means of an FTD2 calculation in which a 
few parameters associated with the radial variation of the axial flux shape have 
been introduced. These parameters are the axial bucklings and axial flux in­
tegrals computed by means of the PDQ 02 code in R, Ζ geometry. 
The nuclear lattice constants are computed by the method correlated with 
the experimental results of the British Industries Collaborative Experimental 
Programme (ref. 56). 
A few modification were made to account for the experimental results 
obtained dur ing t he commissioning and initial operation of the Latina reactor. 
The cells containing control rods and empty channels are represented in 
the FTD2 code by lattice parameters obtained by homogenizing the hetero­
geneous structure so as to maintain the cell boundary conditions. 
In addition, the FTD2 has a particular option for the representation of 
the absorbers located in interstitial positions of the lattice, as occurs in the 
Latina reactor. 
The singularities are dealt with differently in the PDQ 02 for reasons 
of cylindrical symmetry; the absorbers and control rods are homogenized 
within the respective areas of influence by the supercell technique. 
The thermal extrapolation length of the gray rods is obtained by the 
diffusion theory, referred to the fine structure of the channel flux. The 
corresponding epithermal extrapolation length was assumed to be infinite. 
The epithermal extrapolation length of the black rods is also obtained 
by means of the diffusion theory, whereas the thermal extrapolation length 
is obtained by Kushneriuk and MacKay's method. 
The results of the calculations performed as described above are sum­
marized in table 3.2.1 which also l ists , for comparison purposes, the ex­
perimental results obtained from the first set of measurements on the La­
tina reactor . 
The calculated values of the ab s orber-controlled reactivity were ob­
tained by difference between the eigenvalues resulting from'the FTD2 cal­
culations. These results are plotted in Fig. 3 .2 .1 . 
From an examination of table 3. 2.1 and Fig. 3.2.1 it appears that, 
apart from the measurement relating to absorber B+8L+2H, the differences 
between the calculated and measured values are on the order of 4-6% for ab­
sorbers loaded with light rings, and 1% for the absorber loaded with three 
heavy rings. 
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It should be borne in mind that the r e su l t s a re great ly affected by the 
local value of the flux in the measu red channel; a 2% e r r o r in the' evalua­
tion of the local flux produces an e r r o r of about 4% in the a b s o r b e r - c o n ­
trol led reac t iv i ty . 
Since the differences observed between the calculated and measured 
reac t iv i t ies can be at t r ibuted part ly to inaccuracy ' in the evaluation Of the 
local flux in the m e a s u r e d channel, it was not deemed advisable to vary 
the extrapolat ion lengths used in the calcula t ions . 
3. 3 Calculation of the reac t iv i ty controlled by the var ious absorbe r pa t te rns 
The calculat ion of the react iv i ty absorbed by the fourteen pa t te rns con­
s idered (see r e f s . 38, 50) is based on the method descr ibed in paragraph 
3 .2 . In p rac t i ce , two calculat ions were per formed, one with and one with­
out the in te rs t i t i a l a b s o r b e r s associa ted with the pa t te rn being examined, 
and the controlled reac t iv i ty was obtained by difference. 
Each t ime a slightly different r e a c t o r subdivision was used according 
to the posit ion of the group Β genera l control rods selected at the t ime of 
the calculat ion. Each zone was cha rac te r i zed by given values of i r r a d i a ­
tion, fuel t e m p e r a t u r e and modera tor t empe ra tu r e derived from expe r i ­
mental data . 
It should be noted that the sector rods were always considered fully 
withdrawn, because the quantity of in te res t is the sum of the reac t iv i t i e s 
controlled by the a b s o r b e r s and rods respec t ive ly . On the other hand, 
the react iv i ty controlled by the sec to r rods is obtained from exper imenta l 
cal ibrat ion curves measured in the p resence of a b s o r b e r s and cor re la ted 
on a theore t ica l bas i s to nominal operat ing conditions; therefore , these 
curves a l ready take into account the var ia t ion in absorbe r -con t ro l l ed 
reac t iv i ty as a r e su l t of sec tor rod wi thdrawal . 
The group Β genera l rods were not withdrawn in the same manner as 
the sec tor rods because they are normal ly just slightly inser ted and at any 
ra te dis t r ibuted uniformly enough over the core and therefore the v a r i a ­
tion of absorber controlled reac t iv i ty owing to the i r withdrawal is negli­
gible. 
The r e s u l t s and all the information of in teres t a re given in table 3. 3. I. 
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T A B L E 3 . 1 . 1 : M e a s u r e m e n t s p e r f o r m e d on c h a n n e l Q9 F 09 IZ ( c e n t r a l zone) 








(p . c m . ) 
3 6 . 1 
2 6 . 5 
4 5 . 7 
3 9 . 9 
6 4 . 6 
( p . c m . ) 
3 0 , 9 
2 2 . 7 
3 9 . 1 
3 4 . 2 
'55 . 3 
A b s o l u t e 
weigh t 
(kg) 
4 3 . 3 6 8 
2 6 . 6 1 8 
6 0 . 1 1 8 
5 6 .700 
9 1 . 3 3 8 
(p . c m . /kg) 
0 . 7 1 6 
0 . 8 5 3 
0 . 6 5 1 
0 . 6 0 3 
0 .605 
± 
T y p e of 






w h e r e : 
B, weigh t of a b a s i c a b s o r b e r e l e m e n t 
H, we igh t of a heavy r i n g 
L, weight of a l ight r i n g 
= 3 .3273 kg 
= 1.25 34 kg 
= 0 . 6 9 7 9 kg 
T A B L E 3 . 1. II : M e a s u r e m e n t s p e r f o r m e d on c h a n n e l 09 F 09 IZ ( c e n t r a l zone) 







( p . c m . ) 
3 0 . 6 
2 6 . 9 
3 5 . 9 
4 6 . 1 
(p . c m . ) 
2 5 . 8 
2 2 . 7 
3 0 . 3 
3 8 . 9 
Weigh t 
(kg) 
4 3 . 3 6 8 
3 6 . 6 4 6 
5 6 .700 
7 6 . 7 5 4 
f. 
(p . c m . /kg) 
0 .5 95 
0 . 6 1 9 
0 .5 34 
0 .5 09 
* 
T y p e of 





T A B L E 3 . 1. HI: M e a s u r e m e n t s p e r f o r m e d on c h a n n e l 13 F 07 IZ ( p e r i p h e r a l 








( p . c m . ) 
3 4 . 9 
4 0 . 9 
2 8 . 2 
1 6 . 7 
( p . c m . ) 
2 9 . 4 
34 .5 
2 3 . 8 
1 4 . 1 
Weigh t 
(kg) 
6 9 . 0 0 6 
8 2 . 4 5 0 
5 6 . 7 0 0 
2 6 . 6 1 8 
( p . c m . /kg) 
0 . 4 2 6 
0 . 4 1 8 
0 . 4 2 0 
0 .5 29 
„ ± 
Type of 





* E a c h channe l c o m p r i s e s e ight t y p i c a l a b s o r b e r s 
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TABLE 3.2.1: Comparison between the theoretical and experimental results 
relating to reactivity controlled by absorbers of different weights 
T y p e 
of 
channe l 












2 6 . 6 1 8 
4 3 . 3 6 8 
6 0 . 1 1 8 
82 . 45 0 
5 6 . 7 0 0 
8 6 . 7 8 2 
1 2 6 . 8 9 0 
9 1 . 3 3 8 












C a l c u l a t e d 
r e a c t i v i t y 
(p . c m . ) 
- -
2 1 . 3 
2 9 . 9 
3 7 . 4 
4 5 . 4 
3 4 . 7 
4 5 . 6 
5 5 . 4 
4 7 . 4 
(2) 
C a l c u l a t e d 
r e a c t i v i t y 
(p . c m . ) 
- -
2 2 . 8 
3 1 . 1 
3 9 . 3 
- -
3 4 . 3 
- -
- -
5 5 . 6 




- 6 . 6 
- 3 . 8 





- 1 4 . 7 
TABLE 3.3.1: Reactivity controlled by the 14 absorber patterns in the first five years õf 





















20. 1. 1964 
12. 3. 1964 
13.5. 1964 
7. 8. 1964 
18.11.1964 
1. 2. 1965 
18.6.1965 
18.12.1965 
7. 4. 1966 
4. 12. 1966 
5. 7. 1967 






31 .1 . 1964 
26. 3. 1964 
22. 5. 1964 
3.9. 1964 
30. 11. 1964 
18. 3. 1965 
13. 8. 1965 
28. 12. 1965 
15. 4. 1966 
17. 12. 1966 
18.7. 1967 
21. 8. 1967 
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F i g . 3 . 2 , I Theoret ical-experimental comparison of resu l t s of absorber calibration performed at 1100 MWD/T. 
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4.0 DESCRIPTION OF THE METHOD USED FOR ROD CALIBRATION UNDER 
REDUCED­TEMPERATURE ISOTHERMAL CONDITIONS 
The method used to calibrate the control rods during operation utilizes 
the xenon­induced reactivity transient following a rapid power reduction from 
rated value to a few kW. After a power variation, the amount of reactivity 
absorbed by xenon first increases and then decreases slowly to zero. 
During the first 8­10 hours after shutdown, the xenon effect combined with 
the temperature effect generally renders the reactor subcriticai notwithstand­
ing the complete withdrawal of all the control rods. 
Subsequently, as xenon decays, the reactor becomes critical again; from 
this moment onwards, the reactivity gradually released as a result of xenon 
decay is balanced by insertion of the rods to be calibrated (see. Fig. 4.0.1). 
If, during this balancing stage, the rods are periodically withdrawn for a few 
minutes from the height corresponding to ζ withdrawal cycles to the height 
of ζ + Δζ cycles thus permitting the reactor to diverge temporarily, then 
from the measurement of the doubling time we may derive (through a, ap­
posite correlation formula) the reactivity Δο released as a result of rod 
withdrawal by ñz cycles from height z. After every measurement of the 
doubling time, the reactor is balanced again by means of the rods. 
These measurements, repeated at different values of z, provide the 
incremental ratios (Δο/Δζ) . Then the calibration curve, that is, the 
rod­controlled reactivity versus withdrawal cycles, is obtained by integrat­
ing the above­mentioned function. It should be noted that the measurement 
is performed in isothermal conditions,but at a lower temperature than the 
operating temperature, so that it is necessary to extrapolate the results 
to the nominal reactor conditions. 
4 .0 .1 Processing of experimental data 
Processing of the experimental data is based essentially on the cor re ­
lation between doubling times and reactivity so that it is necessary to do 
some preliminary work to determine such correlation with reference to 
the irradiation conditions existing in the core at the time of the measure­
ment. On the basis of these preliminary data it is then possible to pro­
ceed with the determination of the control rod calibration curves. 
The following three paragraphs describe the method adopted to deter­
mine the correlation between reactivity and doubling times, and the data 
processing performed to obtain the rod calibration curve and the evalua­
tion of the xenon transient. 
4 .0 .2 Correlation between doubling times and reactivity 
It is known that this correlation is computed on a theoretical basis on 
a fresh core, with due consideration being given to the various groups of 
delayed neutrons originated by fission. As irradiation increases, the com­
position of fissile isotopes in the fuel changes, with a gradual depletion of 
U­235 and enrichment in Pu­239 and Pu­241. Since the groups of delayed 
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neutrons produced by the fission of these last two isotopes differ from one 
another and from those produced by U-235 both in magnitude and in the 
decay constant, the cor re la t ion between reac t iv i ty and doubling t ime 
changes as fuel i r rad ia t ion i n c r e a s e s . 
It has been demonst ra ted theore t ica l ly (see ref. 53,para.1) that it is 
possible to calculate a co r rec t ive factor ^ of the cor re la t ion between doubl-
ing t ime and reac t iv i ty for a f resh co re ; this factor is very near ly the same , 
for a given i r rad ia t ion level , over the whole range of doubling t imes of in-
te res t for the m e a s u r e m e n t . 
To compute the factor V which is r ep resen ta t ive of the whole r e a c t o r , 
we proceed as follows: 
a. The r e a c t o r is subdivided ideally in "n" zones in cy l indr ica l symmet ry , 
and for each zone the fissile isotope contents of the var ious species a re 
calculated and the value of Y is de te rmined .accord ing to the procedure 
descr ibed in ref. 53. 
b . Since the flux levels are always ex t remely low during the m e a s u r e m e n t s 
and it is thus not possible to find out the flux shape with the normal in-
s t rumentat ion, the flux shapes a r e derived by means of the theore t ica l 
calculation methods descr ibed in paragraph 4 of ref. 53. 
c. These flux shapes can then be used to weigh the zone factors '^ with 
respec t to the square of the flux, and thus to obtain the V factor r e p -
resenta t ive of the r e a c t o r as a whole. 
d. By special s tudies it was then demonst ra ted that the var ia t ion of the 
flux shape,which follows a rod movement during cal ibrat ion and the 
decay of xenon, de t e rmines a var ia t ion in the Y factor by about 1% at 
the mos t . 
e. Ref. 53 (pages 12 and 47) provides a compar i son between the values of 
the / factor obtained from models having à different number of zones . 
F rom the study conducted in the above-mentioned repor t it appears that 
a point model of the r e a c t o r with an i r rad ia t ion equal to the average 
core i r rad ia t ion - - that i s , not weighted with r e spec t to the square of 
the flux - - provides à r e a c t o r factor "^  which differs by only 1. 6% from 
the corresponding value obtained with a 112-zone model . There fore , it 
appears reasonable to consider the '( factor r e f e r r ed to the average 
core i r rad ia t ion accura te enough for the p rocess ing of the exper imenta l 
data. 
4 . 0 . 3 Determinat ion of the cal ibrat ion curves 
The exper imenta l data a re p rocessed as descr ibed below. 
a. Each doubling-t ime m e a s u r e m e n t . i s preceded and followed by a cer ta in 
number of balancing points measu red exper imenta l ly . 
For each measu remen t , a s e r i e s of s ta t i s t i ca l interpolat ions is performed 
between the preceding and following balancing points . Start ing from the 
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interpolation performed between the point immediately preceding and the 
point immediately following each individual measurement, the interpola­
tions are then extended, wherever possible, to include the balancing 
points related to other preceding and following measurements. These 
interpolations are performed by means of polynomials of different or ­
ders between the 1st and the 9th. 
For each point of doubling-time measurement it is thus possible to deter­
mine (by means of the statistically more reliable polynomial) the position 
that the rods would have assumed to balance the reactor if they had always 
exactly compensated the xenon transient. 
b . Knowing the position (z + Δζ) = ζ* (see Fig. 4. 0.1) which the rods occupied 
at the time of the doubling-time measurement and the position to which 
they would move to keep the reactor balanced if they had compensated the 
xenon transient exactly, we can determine the control rod capacity coeffi­




Λ o = reactivity corresponding to the measured doubling time; 
Δ ζ = movement of the rods from the balancing position z. 
Since the measurement of the doubling time takes several minutes during 
which the rods, if they had continually compensated the xenon transient, 
would have moved from position z' to position z", in consideration of the 
narrowness of the interval (z1—z'), it is believed sufficiently approximate 
to identify the control rod capacity coefficient with the derivative of the 
calibration curve at the point (z" + z')/2 = z. 
The curves of the capacity coefficients o<(z) related to the calibrated rods 
are then plotted by statistical interpolation of the measurement points. 
The rod calibration curve is then determined by integration of the func­
tion o((z). 
4.1 Experimental measurements 
The 100 control rods in the reactor (see Fig. 4.1.1) are subdivided in­
to the following groups: 
1. 20 sector rods, automatically controlled, having the function of main­
taining the average gas temperature at the channel outlets constant in 
each of the nine sectors into which the core is subdivided. 
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2. 22 group Β genera l rods used to follow reac t iv i ty t r ans i en t s that a re not 
compensated or that can be compensated in p rac t ice by the sec tor rods 
and a b s o r b e r s . 
3 . 46 group A genera l r o d s , normal ly all out. 
4 . 12 safety r o d s , for added protect ion, which a re normal ly withdrawn even 
during r e a c t o r shutdown. 
4 . 1 . 1 Resul ts of the exper imenta l m e a s u r e m e n t s 
a) Cal ibrat ion at 128 MWD/T 
During commiss ioning, the group Β genera l rods were cal ibrated by 
means of the a i r -poisoning technique, with the sec tor rods positioned at 
286 withdrawal cyc le s . 
To demons t ra t e the validity of the xenon technique as a means to ca l i ­
bra te the control rods during operat ion, the group Β genera l rods were 
cal ibrated between 155 and 228 withdrawal cycles with the s e c t o r s rods 
completely withdrawn. 
A compar ison of the r e s u l t s obtained with the two techniques would 
have been more meaningful if the average r e a c t o r i r rad ia t ion and the pos i ­
tion of the sec to r rods had been the same in both c a s e s . This was not 
possible for operat ing r e a s o n s but, nonetheless , the good agreement b e ­
tween the r e s u l t s obtained in the two cases (see F ig . 4.1.1.1) sufficiently 
confirms the validity of the rod ca l ibra t ion method based on the xenon-
decay t r ans i en t . 
b) Cal ibrat ion at 1100 MWD/T 
The init ial purpose of this m e a s u r e m e n t was to ca l ibra te the sec tor 
rods between 435 (complete withdrawal) and 200 cycles , and then the Β 
rods between 200 and 286 cycles (see Table 4 . 1 . III). 
F ig . 4 . 1 . 1 . II shows the curve of pa r t i a l s e c t o r - r o d cal ibra t ion with 
the Β rods withdrawn. With r e g a r d to the group Β rods we note that , since 
they were cal ibra ted in the range between 200 and 286 withdrawal cycles , 
in o rde r to de te rmine the re la ted absolute cal ibrat ion curve , it has been 
neces sa ry to evaluate the reac t iv i ty controlled by this group of rods in 
correspondence of the f i rs t point, that is , at 286 cyc les . Fo r this pu r ­
pose, after having obtained the two curves r e p r e s e n t i n g the var ia t ions 
in reac t iv i ty absorbed re spec t ive ly by the sec tor rods and by the Β rods 
as a function of the withdrawal cyc les , we plotted the values as a function 
of the t ime lapse from the beginning of the ca l ibra t ion and geomet r ica l ly 
joined the two resu l t ing cu rves , thus obtaining the absolute value of r e a c ­
tivity absorbed by xenon (see F ig . 4 . 1 . 1 . VI). 
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The difference between the reactivity absorbed (absolute value) by xenon 
at the time of criticality with all the rods out and at the time when the Β rods 
were at 286 cycles (and the sector rods at 276 cycles) gives the absolute value 
of reactivity absorbed by the two groups of rods in those positions. Hence, 
the curve in Fig. 4 . 1 . 1 . Ill was plotted; then, assuming that the sector rods 
at 276 cycles absorb about the same amount of reactivity both when the Β 
rods are all out and when they are at 286 cycles, we obtained by subtraction 
the absolute value of reactivity absorbed by the Β rods alone at 286 withdrawal 
cycles. The whole curve was then normalized on this point (see. Fig. 4.1.1.IV. 
With regard to the corrective factor X for the correlation between doubl­
ing time and reactivity, we simply used the factor corresponding to the aver­
age reactor irradiations, that is, 0.857, instead of the factor obtained as an 
average of ine z o n e ^ R ^ ' s weighted over the square of the flux because, as 
stated in paragraph 4 .0 . 2, the difference between the "£ values obtained with 
the two methods is practically negligible. 
c) Calibration at 1425 MWD/T 
Fig. 4 . 1 . 1 . II shows the new calibration curve for the sector rods between 
435 and 272 withdrawal cycles, with the Β rods withdrawn. 
Fig. 4 . 1 . 1 . Ill gives the sum of the reactivities controlled by the Β rods 
(between 435 and 200 cycles) and by the sector rods positioned at mid height. 
Fig. 4 . 1 . 1 . IV shows the reactivity controlled by the Β rods alone in the 
assumption, as a first approximation, that the semi-inserted sector rods al­
ways absorb the same amount of reactivity (695 p. c .m. ) , whatever the posi­
tion of the Β rods. 
Fig. 4 .1 .1 .V represents the sum of reactivities controlled by the sec­
tor rods (between 272 and 249 cycles) and by the Β rods stationary at 200 
cycles. Also in this case, in order to evaluate the absolute value of the cali­
bration curve, it was necessary to calculate the reactivity absorbed at the 
first point, that is, at 24 9 withdrawal cycles. The procedure was similar 
to the one described in the preceding paragraph. 
4. 2 Description of the method followed for the theoretical calibration of 
the sector rods and related results 
Since it was not possible, for various reasons, to calibrate the control 
rods experimentally with the reactor in nominal conditions, the variation in 
reactivity absorbed by the rods at different irradiation levels was evaluated 
on a theoretical basis by passing from the experimental calibration condi­
tions (isothermal reactor at 180* C) to normal operating conditions (average 
weighted graphite temperature at 310" C). 
For each of the theoretical calibrations, we assessed the character is­
tic parameters of the zones into which the core was ideally subdivided for 
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the purpose of the calculations (see Fig. 4.2.1), namely, the average i r radia-
tion, average temperature, average specific power of the zone, absorber pat-
tern, etc. These parameters , appropriately processed, were used as input 
data for the system of computer programs. 
For each situation of interest two FATE (a synthesis of the PDQ02, PIF_ 
FERO and FTD2 programs as mentioned in the preceding paragraph 3. 2) runs 
were performed, one with the sector rods inserted at about mid height, and 
the other with the rods all out. The difference between the eigenvalues ob-
tained by the FTD2 code for the two cases represents the reactivity absorbed 
by the semi-inserted sector rods . 
These calculations were repeated for various irradiation levels and ab-
sorber patterns, both with the reactor isothermal at zero power and reduced 
temperature, and with the reactor in nominal operating conditions, as shown 
synthetically in tables 4. 2 .1 , II and III. 
4. 3 Comparison of calculated and experimental results in isothermal condi-
tions 
For the purpose of comparing the calculated results with the experimental 
ones, the values of the sector rod capacity at mid height are tabulated in table 
4.3.1, referred to the cases dealt with on a theoretical basis and experimen-
tally. As will be noted from this table, notwithstanding some difference be-
tween the absolute calculated and experimental values, there is an agree-
ment in the trend of the rod capacity variation as a function of irradiation. 
In particular, it may be noted that: 
1. The calculated values are constantly overrated by about 19% with respect 
to the experimental values. 
2. The percent reduction in rod capacity from a fresh core to an irradiated 
core is practically the same, both in the theoretical and in the experi-
mental analyses, in every case considered, namely -27.3% versus 
-27.7% at 1100 MWD/T, and -9. 8% versus -9 . 6% at 1525 MWD/T. 
3. The results justify the use in hot conditions - - with appropriate adjust-
ments - - o f the calculation method adopted in cold conditions for the 
determination of the sector rod worth. It is known that there are no 
experimental calibration curves for the Latina core evaluated under 
nominal operating conditions. 
With regard to the variation in rod worth with irradiation, we may 
comment as follows: 
1. The reduction in sector rod worth in cold condition which occurred be-
tween the first and second calibration can be explained qualitatively if 
allowance is made for the greater hardness of the spectrum (owing to 
the increased irradiation, the increased absorber weight and the effects 
of the positive moderator temperature coefficient. Indeed, the modera-
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tor temperature coefficient is a monotonie function which increases with 
irradiation so that, at the time of the second calibration, the central zone 
containing the sector rods was characterized by a higher positive tem­
perature coefficient than that of the peripheral region. In going from 
nominal hot conditions to cold calibration conditions, this circumstance 
determined a relative reduction in the neutron flux in the zone contain­
ing the sector rods . 
This is possibly the reason for the variation in B-rod worth between the 
first and second calibrations. 
The increase in sector rod worth which occurred between the second and 
third calibrations can be explained qualitatively if allowance is made for 
the lighter absorber weight in the whole reactor and the reduced irradia­
tion in the zone affected by the sector rods (from 1341'to 1208 MWD/T) 
owing to accelerated fuel discharge only in the central flattened area 
where the sector rods are located. 
With reference to the preceding remarks concerning the calibration of 
group Β rods, it may be noted that the average local irradiation in the 
areas surrounding the rods themselves increases from 1116 to 1532 
MWD/T between the second and third calibrations, whereas the twenty 
absorbers nearest the Β rods are lighter by more than 53 kg of steel 
r ings. 
These conflicting effects may explain the fact that the B-rod worth r e ­
mained practically constant between the second and third calibrations. 
4.4 Criterion followed to obtain semi-empirical calibration curves under 
nominal operating conditions 
Tables 4.2.1 and II and Fig. 4 .4 .1 give the results of the calculations 
for the reactivity absorbed by the sector rods at 302 withdrawal cycles at 
zero power and at nominal power. 
The ratios of the reactivity absorbed at nominal power to that absorbed 
at zero power give the theoretical factors for conversion from cold to hot 
conditions as a function of irradiation. 
TABLE 4 . 1 . 1 : Reactor conditions at the t ime of power reduct ion, re la ted to the 
three cal ibrat ions 
DATE 
- Average core irradiation, MWD/T 
- Thermal power, MWt 
- Max fuel temperature, C 
- Average inlet gas temperature, C 
- Average outlet gas temperature, C 
- Coolant pressure, kg/cm^ 
- Blower speed , rpm 
meters 
- Average sector rod position, 
cycles 
- Average irradiation in sector rod area, MWD/T 
- Group "A" general rod position 
meters 
- Group "B" general rod position, withdrawal 
cycles 
- Average irradiation in rod "B" area, MWD/T 
- Safety rod position 
- Absorber pattern 
- Time of beginning of power reduction 






















































TABLE 4. 1. II: Reactor conditions at the beginning of m e a s u r e m e n t s re la t ing to the th ree 
cal ibrat ions 
- Thermal power 
- Max fuel temperature 
- Average fuel temperature 
- Max graphite temperature 
- Average graphite temperature 
- Average inlet gas temperature 
- Average outlet gas temperature 
- Coolant pressure 
- Blower speed 
- Position of all rod groups 














































TABLE 4 . 1. III : Sequence of doubling-t ime m e a s u r e m e n t s 





Rod "B" No. of doubling 
withdrawal time 
cycles measurements 








435 + 200 
276 
Rod "B" No. of doubling 
withdrawal time 
cycles measurements 
All out 14 









435 + 276 
276 
272 + 249 
Rod "B" No. of doubling 
withdrawal time 
cycles measurements 
All out 7 









TABLE 4 . 2 . 1 : I so therm r e a c t o r at 180 "c - Ze ro power 

























Medium fuel irradiation MWD/T 
Sector rod con-
































TABLE 4 . 2. II : Reactor at nominal operat ing power , t e m p e r a t u r e 310'C 






















































































- 6 4 -
TABLE 4 . 3 . 1 
1 
R e a c t o r I r r a d i a t i o n (MWD/T) 
T h e o r e t i c a l r e s u l t 
(p . c m . , a b s o r b e d ) 
V a r i a t i o n f r o m c o r r e s p o n d i n g 
v a l u e for 1 = 0 
P e r c e n t a g e of sa id v a r i a t i o n f r o m 
the c o r r e s p o n d i n g v a l u e for 1 = 0 
E x p e r i m e n t a l r e s u l t 
(p . c m . a b s o r b e d ) 
V a r i a t i o n f r o m c o r r e s p o n d i n g 
v a l u e for I - 0 
P e r c e n t a g e of s a i d v a r i a t i o n f r o m 
the c o r r e s p o n d i n g v a l u e for 1 = 0 
A b s o l u t e d i f f e r e n c e b e t w e e n 
t h e o r e t i c a l and e x p e r i m e n t a l 
r e s u l t s (p . c m . ) 
P e r c e n t a g e of s a i d d i f f e r e n c e 
a s c o m p a r e d wi th the t h e o r e t i c a l 









- 2 7 . 3 % 
430 
-165 
- 2 7 . 7 % 
105 




- 9 . 8 % 
5 38 
-5 7 
- 9 . 6 % 
126 
1 9 . 0 % 
* Value obtained by extrapolation, with a second-order curve , of the 
calculated values for 128 MWD/T (666 p . c m . ) , 1100 MWD/T 
(535 p . c m . ) and for 1425 MWD/T (664 p . c m . ) . 
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O 
Control rod penetration 
Rod balancing position 
Rod balancing position extrapolated to 
the time of measurement 
Withdrawal cycles 
Time 
Γ ig. Η.U, I Reactor balancing scheme during calibration by Xe technique. 
Control side 
CONTROL RODS 
0 Group A general (46) 
Β Group Β general (22) 
Η Sector (20) 
Π Safety (12) 
Β Flux scanning (21) 
Fuel side 















χ Points obtained by Xe technique at 128 MWD/T 




0 1É 10 2; ta a 0 3 DO 3 Wit 40 3c: hdrawal 0 4 cycles >o 
Fig. 4.1.1,1 Compar i son between group Β rod cal ibra t ion curves measu red 
at z e ro i r rad ia t ion (a i r -poisoning technique) and at 128 MWD/T 
(xenon technique) . 
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Fig.4.1.1,II Experimental calibration curves of the sector rods with the group Β 
general rods all out. 
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' a ­Calibration curve for fresh core 
b. Calibration curve at 1100 MWD/T 
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Fig.4.1.1,IV Group Β general rod calibration curve net of reactivity controlled by 
sector rods at mid height. 
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Γ ig.Η. 1 .1 ; V Sector rod calibration curves with the group Β rods at 200 withdrawal cycles. 
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5.0 DETERMINATION OF REACTIVITY ASSOCIATED WITH TEMPERATURE 
VARIATIONS 
The general reactor conditions at the time whenthe reactivity balances 
are performed normally differ from reference conditions. The temperature 
effects, are taken into account by multiplying the average weighted fuel arid 
moderator temperature deviations from reference conditions by the respec­
tive temperature coefficients; the contributions thus obtained are then summed 
algebraically with the other te rms of the heat balance. 
While there are no uncertainties about the definition of the temperature 
coefficients for a zero­dimension model, it is difficult to find a sufficiently 
practical definition of these coefficients for a heterogenous power reactor 
in the technical l i terature. The definition adopted here for the Latina r eac ­
tor can easily be used to bring back to the reference temperatures the ex­
perimental data measured for the execution of the heat balances called for 
in this research program.(*) 
Once the reactor irradiation and temperature conditions are fixed, the 
fuel temperature coefficient around the temperature of interest is defined as: 
\ - r ,. è—r »„ ( 1 > / AT u fdV/ / v fdV 
where Δρ represents the overall reactivity variation associated with the fuel 
temperature Variation, and the fraction in the denominator represents the 
fuel temperature variation averaged by the statistical weight method. 
The moderator temperature coefficient is simmilarly defined, to wit, 
°C = i ff TTo (2) 
β ƒ A T g f d v / / v f dv 
Finally, it should be pointed out that, strictly speaking the flux φ differs 
in equations (1) and (2) as it refers respectively to the fuel and to the modera­
tor . In practice, from the'macroscopi'c point' of view it is sufficiently accurate 
to assume that the flux distribution in the core and moderator is the same all 
over the core. 
(*) It is known, at any rate , that there is no strictly univocal correlation be­
tween an average weighted temperature variation around the nominal values 
and the consequent reactivity variation; the latter also depends on'the tem­
perature transient induced in the individual reactor zones. However, in 
consideration of the characteristics of the Latina reactor and the tempera­
ture coefficient measurement procedures, the definitions given here are 
approximate enough, both from the operational point of view and for the 
temperature corrections to be made in the reactivity balances. 
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Instead, for the combined t empera tu re coefficient, used is made of the 
ra t io between the in t r ins ic reac t iv i ty var ia t ion and the t e m p e r a t u r e v a r i a ­
tion (approximately the same for both the fuel and the modera tor ) which 
produced it. Thus , this coefficient a lso includes the modera te t e m p e r a t u r e 
effects caused by xenon. 
5.1 Descr ipt ion of the method used for the measurement of the combined 
t e m p e r a t u r e coefficient 
The method selected for the measu remen t s of the combined t e m p e r a t u r e 
coefficient, as explained l a te r on, is based on the reac t iv i ty t r ans ien t r e s u l t ­
ing from a dec rea se in coolant t e m p e r a t u r e at the core inlet . 
The procedure for this measu remen t can be summar ized as follows: 
a. The r e a c t o r is kept at a constant power level long enough to r e a c h 
xenon equi l ibr ium. 
b . Reactor operat ion is shifted from automatic to manual , while the power 
level is kept constant until the end of the measu remen t by slight move­
ments of the sector rod bank. 
c . With the r e a c t o r at equil ibr ium, a p re l iminary measu remen t of all the 
p a r a m e t e r s of in te res t is taken. 
d. Feedwater heating in the heat exchangers is reduced so as to lower the 
coolant t empera tu re at the core inlet by about 8*C. 
e . When equi l ibr ium of the new core t e m p e r a t u r e s is reached , the p a r a ­
m e t e r s of in te res t are monitored for two hours in o rde r to detect any 
smal l xenon t r ans ien t s caused by slight fluctuations in the power leve l . 
f. A final measu remen t is taken of all the p a r a m e t e r s of in te res t . 
This method lends itself well for application to gas -graphi te power r e a c ­
t o r s , both because of its s implici ty and because of the re l iabi l i ty of the r e ­
sul ts which are obtained from re la t ive ly simple p rocess ing of the e x p e r i ­
mental data . 
The essen t ia l data to be processed for this measu remen t a r e : 
(a) fuel and modera tor t e m p e r a t u r e s ; 
(b) control rod posit ions during the m e a s u r e m e n t . 
The p a r a m e t e r s to be de termined for the calculation of o( a r e : 
c 
(a) rod-cont ro l led reac t iv i ty var ia t ion, Δρ , dur ing the t e m p e r a t u r e t rans ien t ; 
(b) t empera tu re var ia t ion, Δ T represen t ive of the core as a whole. 
R 
Once these two p a r a m e t e r s a re known, the t empera tu re coefficient is given 
by the formula: 
A?tot oc = 
77 
In this formula Δρ. , can be determined from the rod movement curve 
by means of the ca l ibra t ion curve co r r ec t ed to allow for the difference b e ­
tween the re fe rence conditions and those in which the cal ibrat ion was p e r ­
formed. On the cont ra ry , in considerat ion of_ the par t icu la r type of t r a n ­
sient occur r ing during the measu remen t , Δ Tp for the init ial and final 
equi l ibr ium conditions can be assumed, with a good degree of approxima­
tion, to be the same for the graphite and for the fuel, so that the c o r r e s ­
ponding t empe ra tu r e var ia t ions weighted over the square of the flux a re 
a lso equal . As a r e su l t , to de te rmine Δ Τ it will suffice to de te rmine 
the graphite t e m p e r a t u r e var ia t ion weighted over the square of the flux. 
5. 2 Descr ip t ion of the method used for the measu remen t of the separa te 
t e m p e r a t u r e coefficients 
The methods for the measu remen t of the t empera tu re coefficients 
separa te ly a re general ly based on the analysis of rapid t r ans i en t s , but 
some of these methods - - though used successfully on other r e a c t o r s - -
proved difficult to apply to the Latina r e a c t o r . This is owing to the dif­
ficulty of in te rpre t ing the core t e m p e r a t u r e t r ans ien t s co r rec t ly without 
r e so r t i ng to overly complicated and t ime-consuming calculation mode l s . 
The main cause of the difficulties encountered is to be at tr ibuted to 
the location of the thermocouples which indicate the modera to r t e m p e r a ­
tu re in the var ious zones into which the r e a c t o r is ideally subdivided. In 
fact, the thermocouples a re located near the co rne r s of the graphite 
blocks and thus away from the fuel channels . In our r e a c t o r , this c i r c u m ­
stance, combined with the p resence of smal l gas leaks from the channels , 
r e s u l t s in t e m p e r a t u r e read ings , during t r ans i en t s , which are not r e p r e ­
sentative of the graphite as a whole. To bypass this difficult, efforts were 
made to develop a suitable method to de te rmine the separa te t e m p e r a t u r e 
coefficients s t a r t ing from equi l ibr ium condit ions. 
This method is based essen t ia l ly on the analysis of two success ive 
t r a n s i e n t s , the f irs t being obtained by a rapid reduct ion in power and the 
second by a rapid reduct ion in the coolant flow r a t e . Each t rans ien t is 
prolonged until t he rma l equi l ibr ium is reached and the xenon t rans ien t is 
m e a s u r e d . In this manner , t h ree different conditions of the rmal equil ibrium 
and corresponding reac t iv i ty var ia t ions a re es tabl ished in the core so that, 
by de termining the fuel and modera tor t empera tu re var ia t ions at equi l ibr ium 
as compared with the initial conditions, and the corresponding react iv i ty 
var ia t ions net of xenon effects, we may wri te a two-equation sys tem in 
the unknowns oC and o< to de te rmine the separa te t empera tu re coefficients, u g 
It should be noted that the two equations of the sys tem are independent 
as they re fe r to two equil ibr ium conditions which differ in power level and 
coolant flow r a t e . However, after the reduct ion re la t ing to the f i rs t t r a n ­
sient, the power level is maintained r igorous ly constant in o rder to s i m ­
plify the evaluation of the xenon t r ans ien t . 
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To process the experimental data relating to the two equilibrium condi­
tions reached during the measurement, we may write for each condition a 
balance equation, referred to the initial condition, in which the reactivity 
variations Δ°> n e t of the xenon effects, appear as the sum of the reactivity 
variations attributed to changes in fuel temperature and moderator tempera­
ture, respectively. Analytically, we have: 
= oc Δ τ + c< Δ τ 
Λ U U2 g &2 
By solving this system of two equations we find the values of the unknowns 
c< and c< which respectively represent the temperature coefficients of uranium 
and grapmte. 
5. 3 Experimental results 
The experimental results are summarized in tables 5. 3.1 and II and are 
plotted in Figs. 5.3.1 and II. These results were used to account for the de­
viations from the reference temperature during the performance of the indi­
vidual reactivity balances. 
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TABLE 5 . 3.. I. 
I r r a d ' n 













( p . c . m ) / ' C 
- 1 . 7 3 
1.35 
3 .54 
4 . 5 2 
4 . 8 9 
5 . 0 3 
5 . 7 0 
6 .06 
5 . 8 9 
6 .05 
ι 
I r r a d ' n 












(p .c .m)/ ' C 
6 . 3 0 
6 .36 
6 . 5 8 
6 . 7 3 
6 . 6 9 
7 . 3 3 
7 .70 
8 . 7 3 
9 .50 
1 0 . 2 4 
I r r a d ' n 












( p . c . m ) / ' C 
1 0 . 9 7 
1 0 . 5 3 
1 0 . 2 4 
1 0 . 4 9 
1 0 . 9 2 
9 .74 
8 .35 
8 . 7 3 
8 .74 
8 .69 
TABLE 5. 3. II 
I r r a d ' n 









( p . c m ) / * C 
7 .34 
7 .85 
7 . 6 2 
1 1 . 3 6 
1 2 . 4 2 
9 . 2 9 
1 0 . 9 2 
<*u 
( p . c . m ) / ' C 
- 1 . 1 6 
- 0 . 9 7 
- 0 . 5 4 
- 1 . 4 4 
- 1 . 1 6 
- 1 . 2 3 
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6.0 DETERMINATION OF XENON-CONTROLLED "REACTIVITY 
The reactivity controlled by xenon at equilibrium is a function of the 
number of fissions and of the type of fissile isotopes and neutron spectrum. 
In order to evaluate the variation in xenon-controlled reactivity as a func-
tion of irradiation, calculations were, performed with the ALTHAEA code 
referred to a channel typical of the whole core. 
The results demonstrate that between 0 and 1600 MWD/T the xenon-
controlled reactivity varies only by a few tens of p. c. m. The partial 
transients in xenon-controlled reactivity measured during rod calibra-
tion and following reactor scrams also support the calculations. Indeed, 
if the experimental transients are extrapolated to the time of reactor scram, 
the xenon-controlled reactivity values differ slightly from the initial value 
corresponding to the fresh core. 
For this reason it was not considered worthwhile to deal with the xenon-
controlled reactivity variation at equilibrium separately, and it was there-
fore included in the overall core reactivity variation. 
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7.0 DETERMINATION OF BORON-CONTROLLED REACTIVITY 
Among the impurities contained in the unirradiated graphite of the Latina 
reactor core, boron is present in about 0.08 ppm. .The parasitic absorption 
of reactivity by boron decreased with graphite irradiation because of the 
gradual reduction of boron resulting from the nuclear transformations in-
duced by exposure to the neutron flux. 
The results of the calculations to evaluate this effect are shown in 
Fig. 7 .0 .1 . 
Since the variation in b or on-controlled reactivity constitutes a phenomenon 
which is conceptually separated from the variation of the intrinsic core reac-
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8.0 REACTIVITY BALANCES 
Chapter 1 descr ibed the t e r m s of the balance equation in detai l , whe reas 
Chapters 2 to 7 summar i ze the r e s u l t s of the calculat ions and m e a s u r e m e n t s 
for the de te rmina t ion of the p a r a m e t e r s r equ i r ed for the p rac t i ca l pe r fo r ­
mance of the r eac t iv i ty ba l ances . 
In pa r t i cu la r , Chapter 7 d i scusses the var ia t ion in the reac t iv i ty con­
t rol led by the boron impur i t i e s p resen t in the graphi te , which impur i t i e s 
d e c r e a s e with i r rad ia t ion . Since the effect of the impur i t i es can be r ega rded 
as an independent phenomenon, the bor on-control led reac t iv i ty was calculated 
s imply as a function of i r rad ia t ion and then deducted from the final reac t iv i ty 
ba l ances . 
Tables 8.0.1 to 8 . 0 . X s u m m a r i z e the values of the t e r m s of the reac t iv i ty 
balances per fo rmed . 
The reac t iv i ty va r i a t ions , that i s , the r e s u l t s of the balances performed 
from t ime to t ime , were calculated by difference in r e spec t of the init ial 
r e fe rence condition. This condition contemplated the r e a c t o r at nominal 
power, z e r o i r rad ia t ion and in xenon equi l ibr ium. 
With re fe rence to tables 8. 0 .1 to X, the t e r m s in the reac t iv i ty balance 
contained in the var ious columns can be defined as follows: 
= Date to which the reac t iv i ty balance is r e f e r r e d 
= Average r e a c t o r i r rad ia t ion cor responding to the balance condi­
t ions (MWD/T) 
= The rma l energy producted from the beginning of r e a c t o r o p e r a ­
tion (MWh) 
= T h e r m a l power generated under the balance conditions (MW) 
(5) P a t t e r n number = Number of the absorbe r pa t tern in effect at the t ime 
of balance execution 
(6) o = Reactivi ty absorbed by the control rods in p . c . m . This value 
is' der ived from the cold cal ibrat ion curves at different i r r a d i a ­
t ions , co r rec ted by factors r ep re sen t i ng the ra t io between the 
theore t i ca l values of rod-cont ro l led reac t iv i ty respec t ive ly un­
der cold and opera t ing condit ions. 
(7) Δ ο , = Var ia t ion in rod-cont ro l led reac t iv i ty as a function of t e m p e r a ­
tu re and i r r ad ia t ion as compared with the initial r e fe rence con­
ditions (p. c . m . ) 
(1) Date 
(2) I 
( 3 ) E t h 
<4> P t h 
(8) 5W 
Ο) Δ? ab s 
= Ab so rbe r -con t ro l l ed reac t iv i ty under re fe rence conditions ( p . c m . ) 
= Var ia t ion in absorber -con t ro l l ed reac t iv i ty with r e spec t to the 
init ial absorber pa t te rn (p. c m . ) 
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(10) Δ Τ = Deviation of average weighted modera tor t empera tu re from 
re fe rence conditions (300* C) 
(11) Δο = Reactivi ty var ia t ion associated with deviation of average 
! weighted modera tor t empera tu re from re fe rence conditions 
(p. c. m. ) 
(12) Δ Τ = Deviation of average weighted fuel t empera tu re from re fe rence 
conditions (450" C) 
(13) Δο = Reactivity var ia t ion associa ted with deviation of average weighted 
fuel t empe ra tu r e from re fe rence conditions (p. c . m . ) 
(14) ρ = Xenon-controlled react ivi ty under balance conditions (p. c . m . ) 
(15) / \5V = Reactivi ty var ia t ion associa ted with power deviation from r e f e r -
enee (720 MW) 
(16) ΔρΊ = Var ia t ion in bor on-controlled reac t iv i ty from initial value (p.c.m.) 
/ b o r o n J 
(17) Δ 0, . - Reactivity var ia t ion with r e spec t to initial r e fe rence balance at 
i r rad ia t ion zero (p. c . m . ) 
The r e s u l t s tabulated in Tables 8 .0 .1 to X are r ep resen ted graphical ly 
in F ig . 8 . 0 . 1 . The r e su l t s re la t ing to the subsequent operat ing period are 
not included in this figure as the average core i r rad ia t ion remained p r a c ­
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TABLE 8. O, II 
DATE 
22.2 .64 





9 .4 .64 
20. 4. 64 
28. 4. 64 
13.5.64 
22. 5. 64 
26. 5. 64 
30. 5; 64 
6 .6 .64 
12.6 .64 
25.6 .64 




















2. 000. 000 
2. 045. 000 
2. 255. 000 
2.365.000 
2. 470. 000 
2. 520. 000 
2. 760. 000 
2. 950. 000 
3. 045. 000 
3. 270. 000 
3. 345. 000 
3. 380. 000 
3. 424. 283 
3. 490. 000 
3. 560. 000 
3. 690. 000 


































































































































































































































































20. 7. 64 
27. 7. 64 
3 .9 .64 
16.9 .64 
29. 9. 64 
6. 10.64 
22. 10. 64 
30. 10. 64 






























3. 995. 000 
4. 080. 000 
4. 500. 000 
4.706. 120 
4. 910. 000 
5. 035. 000 
5. 275. 000 
5. 435. 948 
5.535.000 
5. 870. 000 
5.926.563 
6.045.000 























































































































































































































































































JLÄJiLi. 8. O, IV 
DATE 
26. 1.65 
29. 1. 65 
8 .2 .65 
10.2.65 
15.2.65 
24. 2. 65 
28. 2. 65 
6 .3 .65 
15.3.65 
18.3.65 
28. 3. 65 
9 .4 .65 
13.4.65 
2i : 4. 65 
26. 4. 65 
3.5.65 






















6. 922. 586 
6.976.071 
7. 149. 993 
7. 185. 056 
7. 269. 248 
7. 422. 908 
7. 493. 379 
7. 598. 135 
7.713.542 
7. 766. 144 
7. 932. 023 
8. 136. 835 
8. 207. 053 
8. 345. 436 
8. 425. 820 
8. 529. 885 
9. 268. 465 





















































































































































































































































































i AtSLt o- "J ν 
DATE 
17.8.65 






































9. 472. 541 
9.655.321 
9.972.011 



































































































































































































































































































TABLE 8. 0, VI 
DATE 
14.2.66 
25. 2. 66 
28.2.66 
4 .3 .66 
17. 3. 66 
22. 3. 66 
28.3.66 
8.4.66 








































13. 869. 482 
13.939.977 
14.107.818 
14. 196. 707 
14. 290. 141 
14.371.417 
14.453.562 

















































































































































































































































































29. 9. 66 
4. 10. 66 





























14. 654. 459 
14. 795. 365 
14. 880. 850 
14. 958. 747 








15. 879. 304 
15. 999. 622 
16. 034. 966 
16. 070. 206 
16.271.439 















































































































































































































































































TABLE 8. O, VIII 
DATE 
23. 12.66 
30. 12. 66 










30. 3. 67 
12.5.67 


































18. 036. 979 
18. 540. 087 
18.730.766 
19.051.644 













































































































































































































































































28. 9. 67 
6.10.67 



























19. 438. 589 




19. 999. 907 
20. 165. 564 
20.233.419 
20. 354. 280 
20.423.522 
20. 597. 956 
20.733. 359 
20.957.635 





































































































































































































































































































































































































The measurements and calculations performed under the ENEL-EURATOM 
research program 050. 65.1 - TEG I permitted the determination of the varia-
tion of intrinsic reactivity in the Latina reactor over the whole time interval 
corresponding to an energy production of about 21xl09 kWh (Figs 8. 0.1, II). 
Examination of the data and procedures used for the reactivity balances 
indicates that the uncertainty in the results is lower than+10%. 
The variation of the intrinsic core reactivity towards the end of the curve 
reflects both the delay in the beginning of the fuel cycle and the irregular r e -
fuelling pattern. Indeed, the tables summarizing the heat balances indicate 
that the average reactor irradiation increases monotonically up to about 
13. 5xl0" kWh and then remains constant up to about 16. 5xl09 kWh. Subse-
quently, up to about 19. 5x109 kWh, irradiation decreases and then r i ses 
again to almost 1500 MWD/T at about 21x109 kWh. 
The accelerated discharge rate between 16.1xl09 kWh and 19.0xl09kWh 
involved esclusively channels in the flattened region with an average irradia-
tion over 3200 MWD/T. Together with the particular type of fuel cycle adopted 
(with a semi-repeated initial delay), the foregoing circumstance explains the 
trend of the intrinsic reactivity variation at the end of the curve. 
On the basis of a comparison between the results of calculations and/or 
measurements on the Latina or similar reactors , the following remarks can 
be made: 
1. The reactivity buildup in Calder Hall reactor No. 3 (ref. 60) measured 
at 947 MWD/T was 2090+100 p. c .m. versus a corresponding value of 
2030+200 p. c .m. for the Latina reactor . If the other value given in 
ref. 60 is used, we find that at 1650 MWD/T the reactivity buildup in 
the Calder Hall reactor is 1175+100 p. c .m. versus 1202+120 p. c .m. 
at 1584 MWD/T for the Latina reactor . This excellent agreement 
should possibly be verified critically by taking into account the different 
refuelling schemes and the different characteristics of the two cores. 
2. The report under ref. 61 gives the results of the calculations relating 
to the reactivity controlled by the sixth absorber configuration in the 
Latina reactor . The result obtained by reference to a simplified radial 
flux shape is 3097 p . c m . , whereas the same result , corrected to allow 
for the actual flux shape, is 3062 p. c .m. ; the corresponding value in 
table 3.3.1 of this report is equal to 3056 p. c. m. 
The good agreement observed indicates that the results of the reactivity 
balances carried out under this contract are sufficiently accurate and can 
therefore be used for a cross-check of the calculation methods. To facilitate 
this cross-check, this report contains a list of documents issued to EURATOM 
which provides a fairly accurate history of the irradiation of the various zones 
into which the Latina core was ideally subdivided and the operating data of 'in-
terest for the calculations. 
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In addition, the above-mentioned documents contain the detailed results 
of the measurements for the determination of absorber-controlled and rod-
controlled reactivity under special conditions. These results permit the 
verification of the adequacy of the calculation methods to represent both the 
absorbers and the control rods under various irradiation conditions. 
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- 103 
20) DOC. 824 .211 .811/20 
"Relazione tecnica e consuntivo di spesa re la t iv i al periodo I o gen-
naio - 30 apr i le 1966 . 
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t e m b r e ­ 31 d icembre 1967". 
44) DOC. 824 .211.811/44 
"Sis tema di e laborazione dei dati della Cent ra le di Lat ina" . 
45) DOC. 824.211.811/45 
"Raccolta dei dati concernent i la potenza t e r m i c a , la potenza 
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A P P E N D I X I 
D e s c r i p t i o n of the da ta p r o c e s s o r i n s t a l l e d at the L a t i n a Sta t ion and s u m m a r y 
l i s t of p r o g r a m s u s e d to p e r f o r m the r e a c t i v i t y b a l a n c e s . 
T h e c o m p u t e r i n s t a l l ed at La t i na is a G E P A C 4050 un i t , p r o v i d e d e n t i r e l y 
with s i l i con s e m i - c o n d u c t o r s . 
The c o m p u t e r u s e s p a r a l l e l - t y p e a r i t h m e t i c s wi th 24 -b i t w o r d s . The m a i n 
m e m o r y cons t i t u t ed of f e r r i t e c o r e s con ta ins 16„ 000 w o r d s which can be l o c a t e d 
ind iv idua l ly . The a u x i l i a r y m e m o r y is a m a g n e t i c d r u m con ta in ing 131 , 000 
w o r d s . 
The c o m p u t e r is de s igned to p e r m i t p a r a l l e l p e r f o r m a n c e of d i f fe ren t t a s k s 
and to r e n d e r the c a l c u l a t i o n speed independent f r o m the speed of the m e c h a n i -
cal c o m p o n e n t s , such a s the p r i n t e r s or the s e l e c t i v e r e l a y s for inpu t -ou tpu t 
s i g n a l s . 
The a r i t h m e t i c a l o p e r a t i o n s can be p e r f o r m e d wi th a fixed point or f loa t -
ing point . The f ixed-poin t o p e r a t i o n s a r e p e r f o r m e d by e l e c t r o n i c c i r c u i t s 
and the f loa t ing-po in t o p e r a t i o n s by s p e c i a l s u b - p r o g r a m s . F i x e d - p o i n t o p e r a -
t i o n s can be c a r r i e d out on n u m b e r s up to 2^3 j and the f loat ing-point o p e r a t i o n s 
up to 2±32. 
The c o m p u t e r can be p r o g r a m m e d in the s y m b o l i c l anguage P A L , t y p i c a l 
of G E P A C c o m p u t e r s , o r in a modif ied v e r s i o n of F O R T R A N II. 
C o n t r o l of o n - l i n e p r o g r a m execu t ion is e n t r u s t e d to a s u p e r v i s o r y p r o -
g r a m or " M o n i t o r " . C o m m u n i c a t i o n s b e t w e e n the o p e r a t o r and the c o m p u t e r 
occu r t h rough a s p e c i a l t y p e w r i t e r and pane l . A n o t h e r pane l i s i n s t a l l e d in 
the con t ro l r o o m to p rov ide i n f o r m a t i o n on d e m a n d to the s t a t i o n shift o p e r a -
t o r s . In the c o n t r o l r o o m the output da ta a r e p r i n t e d out by two e l e c t r i c 
f i x e d - c a r r i a g e IBM t y p e w r i t e r s . 
About one thousand v a l u e s a r e sent to the c o m p u t e r f rom the p lant , s o m e 
of which a r r i v e in the ana log f o r m and s o m e in the d ig i t a l f o r m . 
An a u t o m a t i c r e s t a r t dev ice h a s b e e n p rov ided to enab le the c o m p u t e r to 
cont inue a p r o g r a m after' a p o w e r supply f a i lu re which has1 not e x c e e d e d ten 
m i n u t e s . 
The m a i n funct ions a s s i g n e d to the c o m p u t e r (ref . 19) a r e : 
- Co l l ec t ion of s t a t i o n da ta 
- P e r i o d i c a l c a l c u l a t i o n of the power g e n e r a t e d by the r e a c t o r 
- P e r i o d i c a l c a l cu l a t i on of xenon po i son ing 
- Ca l cu l a t i on of the a v e r a g e we igh ted t e m p e r a t u r e s of g r a p h i t e and fuel , 
which a r e e s s e n t i a l to obta in the r e a c t i v i t y coef f ic ien ts 
- P e r i o d i c a l ca l cu l a t i on of channe l p o w e r s and s t a t i s t i c a l we igh t s 
- V e r y - h i g h - s p e e . d da ta co l l ec t ion d u r i n g m e a s u r e m e n t s 
- C a l c u l a t i o n of zone i r r a d i a t i o n s 
- C a l c u l a t i o n of the r e a c t i v i t y b a l a n c e . 
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